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a b s t r a c t 
A ferritic ODS-alloy (Fe-14Cr-1W-0.25Ti) has been manufactured by application of the powder metallur- 
gical production route involving at ﬁrst mechanical alloying of ∼10 kg pre-alloyed steel powder together 
with an Y 2 O 3 addition for 12 h in a high energy industrial ball mill under hydrogen atmosphere at the 
company ZOZ GmbH. As a next step, one part of the alloyed powder was hot extruded into rods while 
another portion was hot isostatically pressed into plates. Both materials were then heat treated. A charac- 
terization program on these ODS-alloy production forms included microstructural and mechanical inves- 
tigations: SANS and TEM assume the existence of Y 2 Ti 2 O 7 nano clusters and show a bimodal distribution 
of ODS-particle sizes in both ODS variants. EBSD maps showed a strong 〈 110 〉 texture corresponding to 
the α ﬁber for the hot extruded ODS and a slight 〈 001 〉 texture for the hipped ODS material. Fracture 
toughness tests in different specimen orientations (extruded ODS) with mini 0.2T C(T) specimens to- 
gether with Charpy impact tests revealed anisotropic mechanical properties: Promising (fracture) tough- 
ness levels were obtained in the specimen orientation perpendicular to the extrusion direction, while 
the toughness levels remained low in extrusion direction and generally for the hipped ODS material at 
all test temperatures. The fracture toughness tests were performed according to ASTM E 1921 and 1820 
standards. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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b  1. Introduction 
Generation IV systems (such as the SFR prototype ASTRID) or
nuclear fusion reactors hold the promise of a carbon free future
energy scenario [1] . In this context fuel claddings are key com-
ponents of a SFR and serve as a critical safety barrier against a
withdrawal of the radioactive fuel inventory [2] . Claddings form
the basic structural element of a reactor core and need to cope
with the high temperatures (up to ∼700 °C at peak) / high neu-
tron ﬂux/ ﬂuence environments ( ∼2 ×10 23 n/cm 2 ) of a fast spec-
trum reactor for long irradiation exposure times [2] . It also in-
volves an increased fuel burn up (up to max. ∼100 MWd/kg), in
order to ensure not only a safe, but also an economic plant op-∗ Corresponding author. 
E-mail address: charles.eiselt@areva.com (C.C. Eiselt). 
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2352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uration [2] . This leads to a set of special property demands for
andidate materials, which are high temperature strength, thermal
nd irradiation creep strength, resistance against (void) swelling
nd any structural deformation, resistance to radiation hardening
 embrittlement (especially during handling prior and after ser-
ice [3] ). Optimized oxide dispersion stengthened (ODS-) alloys
re believed to deliver these demands and are regarded as promi-
ent candidate materials for these applications under the men-
ioned conditions, therefore many research institutions launched
ccording programs [4–10] . Y-Ti-O rich particles are chemically in-
rt, very stable up to around ∼1100 °C and could provide the re-
uired high temperature stability through the mechanism of dis-
ocation pinning [2,11] . Despite all advantages there are still draw-
acks in case of e.g. RAF-ODS steels, such as anisotropic material
roperties, (especially after hot extrusion), followed by a low frac-
ure toughness in “weaker” material orientations and lower overall
orkability [12] . nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. a) Piece of hot extruded ODS01 rod, b) piece of hipped ODS02 slab. 
Table 1 
Chemical composition of consolidated ODS01 and ODS02 in wt.-%. 
C Cr W Ti Si Ni Mn Y 2 O 3 
ODS01 0 .047 13 .9 1 .09 0 .25 0 .31 0 .22 0 .34 0 .20 
ODS02 0 .015 14 .0 1 .11 0 .23 0 .30 0 .20 0 .34 0 .22 
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Fig. 2. Specimen take out positions for ODS01. 
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O  . Materials, methods, specimens 
In this study a RAF-ODS material was manufactured by ap-
lication of a semi-industrial production path using the powder-
etallurgical production route [13] : 10 kg of a pre-alloyed Fe-14Cr-
W-0.3Mn-0.3Si-0.25Ti steel powder (D 50 : 64.5 μm), delivered by
he company Aubert & Duwal, together with additions of 0.25%
anosized Y 2 O 3 and TiH 2 powder was ball milled by Zoz GmbH
n an industrial High-Energy Rotary Ball Mill, type Simoloyer ®
M100b (with a grinding chamber volume of ∼100L). The milling
uration was selected to 12 h with a PBR of 1:10 at intervals of
16 rpm/4 min to 211 rpm/1 min under a reducing H 2 milling atmo-
phere. Before and after the milling run at unloading the chamber
tmosphere was changed into inert Ar-gas. The milling balls were
ade of 100Cr6. The powder quantity together with the ball mill
ype was upscaled, compared to the commonly used laboratory
quipment, to investigate the material properties of larger, more
ndustrial batch sizes. Such laboratory sized powder charges com-
rise powder quantities of 200 g–1 kg in according smaller sized
all mills such as Zoz CM01 or CM08 as used here [14,15] . 
Two material compaction procedures were selected in a next
tep: ﬁrstly the mechanically alloyed powder was ﬁlled in a mild
teel canister, with a thickness of 4 mm. The external diameter is
lose to 70 mm and the length depends on the amount of powder
ut it can go up to 250 mm for an amount varying from 400 gs to
 kgs. The canister was degassed at 400 °C for 2 h and directly hot
xtruded at T = 1100 °C into an ODS-material rod with a ﬁnal outer
iameter of 20 mm and length of ∼2 m. This alloy is designated as
DS01 (see Fig. 1 a). A second compaction method involved hot
sostatic pressing: the powder was ﬁlled in canisters, degassed and
ipped into slabs at 1050 °C, 1400 bar for 4 h (material designation
DS02 (see Fig. 1 b)). A ﬁnal heat treatment of 1050 °C for 1 h on
oth ODS versions in order to relief residual stresses and to obtain
he same ﬁnal conditions for both ODS types rounded the manu-
acturing process. 
The chemical composition of both consolidated ODS-alloys is
hown in Table 1 . The values were obtained by spark spectrom-
try (SD-OES) and inductively coupled plasma mass spectrometry
ICP-MS). (The higher C-content for ODS01 is attributed to a con-
amination of the mild steel canister, for ODS02 another canister
as used). 
In order to investigate the nano-oxide distribution inside the
wo materials, SANS measurements were performed at Laboratoire
éon Brillouin (CEA CNRS) at CEA Saclay. The experiment was car-
ied out with the spectrometer PAXY with a 2-dimensional de-
ector allowing acquisition of anisotropic scattering intensity. To
etect particles ranging from 0.5 nm to 20 nm, two conﬁguration
ere used with different wavelengths and distances to the detec-
or: λ = 0.6 nm/ D = 2 m and λ = 0.9 nm/ D = 5 m. This enables to
over a scattering vector range from 0.08 to 1.6 nm −1 according to
he relationship q = (4 π sin θ )/ λ. In case of neutron diffusion in
 ferromagnetic material, it is possible to distinguish the matrixontribution to diffusion from that one of the precipitates [16] . For
his purpose, a magnetic ﬁeld of 1.5 T is applied. Then, the mag-
etic contribution of the matrix is at maximum in a perpendicu-
ar direction to the ﬁeld and zero in the parallel direction, along
hich only the nuclear contribution from both matrix and precip-
tates remains. The ratio between the perpendicular and the par-
llel intensity to the ﬁeld is called A ratio. The comparison of the
xperimental value of the A ratio (I perp /I para ) with theoretical val-
es in the literature allows to identify the chemical composition of
recipitates [16] . Samples dimension are 1cm ∗1 cm of surface and
 mm of thickness. 
Furthermore, microstructures were observed by EBSD. Samples
ere prepared using SiC mechanical polishing and diamond pol-
shing from 6 μm to 1 μm. Then, samples were ended with vibra-
ory auto-polishing using non-crystalline colloidal silica (OPS) dur-
ng 6 hours. Analyses were performed using a TSL/EDAX Hikari
IM TM system mounted on a Zeiss Supra 55 VP FEG-SEM. Acqui-
ition was performed with an analysis step of 50 nm on a surface
f 100 μm ∗100 μm. The data were treated using the OIM TM Analy-
is 7.2 software. For both ODS01 and ODS02, the considered mini-
um grain size is 5 pixels and the grain tolerance angle is 5 ° The
leanup procedure was a Grain Dilation with one iteration and a
onﬁdence Index Standardization. Then, the points with a conﬁ-
ence index lower than 0.1 are removed from the dataset. 
The mechanical technological characterization of the two ODS-
aterials included tensile, Charpy-impact and fracture toughness
ests. The specimen take out positions for ODS01 can be seen in
ig. 2 . The tensile tests for ODS01 with B2 × 10 small circular ten-
ile specimens (orientation L) provided characteristic values for de-
ermination of the according fracture toughness limit values and
ere done following DIN EN ISO 6892 part1/2 and DIN EN ISO
5,578 using a 50 kN Instron tensile tester type 5569 [17,18] . ODS02
as not tensile tested, but the ODS01 test results were taken for
DS02 fracture toughness determination as a close approximation.
est temperatures were chosen in the area of −100 °C ≤ T ≤ 400 °C,
roviding suﬃcient data. 
The mini Charpy-V impact specimens (type: KLST) had the di-
ensions 3 ×4 × 27 mm and were tested according to DIN EN ISO
48–1 using a 25 J impact tester [19] . In this case only tests in
he orientation perpendicular to the extrusion direction (L-R) were
ossible. In order to obtain the full charpy transition curve, test
emperatures were selected in between −115 °C ≤ T ≤ 800 °C for
DS01 and −50 °C ≤ T ≤ 600 °C for ODS02. The ﬁnal average best-
24 C.C. Eiselt et al. / Nuclear Materials and Energy 9 (2016) 22–28 
Fig. 3. a) 0.2T C(T) specimen; b) Specimen take out position in R-L, L-R orientation 
of ODS01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Volume fraction of nano-precipitates determined from the magnetic scatter- 
ing on the ODS01 and 0DS02 as-consolidated. 
Fig. 5. A ratio calculated for ODS01 and ODS02. 
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e  ﬁt curve was calculated with a hyperbolic-tangent ﬁt function us-
ing the software Origin 8.5 G All data points were included in
this ﬁt. The fracture surfaces were analyzed by optical microscopy
(OM). 
In terms of the fracture toughness tests the small specimen test
technology (SST), already in use for RPV materials, was selected,
through application of 0.2 T mini C(T) (5 mm thickness) specimens
(see Fig. 3 a) [20] . The “mini” geometry allowed a machining of
specimens in extrusion (R-L) and perpendicular (L-R) direction of
ODS01 (see red arrow in Fig. 3 b). This measure enabled a direct
characterization of the mechanical properties in both orientations,
as can be seen in Fig. 3 b). For an improved test execution “mea-
suring edges” were attached to the C(T)-5 specimens taken in the
R-L orientation of ODS01 (which was not feasible in L-R orienta-
tion due to the narrow rod geometry, therefore here C(T)-5 spec-
imens without edges were used) (see Fig. 3 a). Prior to testing all
0.2 T-C(T) specimens were fatigue pre-cracked through a high fre-
quency vibration load in such a way, that the crack had an aver-
age ﬁnal length of a 0 = 5 mm ( ± 0,5 mm) leading to a ratio of 0,5
( ± 0,05) between the specimens’ width W and a 0 . The crack prop-
agation was hereby visually controlled. However, due to the very
small specimen geometry a correction towards the loadline had
to be made and the calculated compliance was integrated in the
test evaluation [21] . A part of the fracture toughness tests were
done in the brittle-/ transition area: the elasto-plastic test was per-
formed using an Instron type 5569 class1 ball screw testing de-
vice, the suitability of the clip gage was approved with DIN EN ISO
9513 [22] . The temperature close to the specimens was measured
by two calibrated thermocouples. Following the ASTM E 1921–12
standard a K Jc [MPa m] value in dependence of test temperature
was determined, taking into account the corresponding test valid-
ity criteria [23] . To eliminate the size inﬂuence of the mini C(T)s
all results were recalculated to a 1 T ( = 25.4 mm) thickness, lead-
ing to an adjusted K Jc(1T) [MPa m] used for ﬁnal evaluation [23] .
ASTM E 1921–12 standard proposes following formula for a correc-
tion of this size inﬂuence, which was applied to all obtained 0.2T
C(T) results [23] : 
K Jc ( 1 T ) = K min + 
[
K Jc ( 0 ) − K min 
]( B 0 
B ( 1 T ) 
)0 . 25 
(1)
with K min = 20 MPa m (acc. to ASTM1921-12 [23] ), K Jc(0) = K Jc for
a specimen size B o , B o = gross thickness of uses test specimens,
B(1 T) = standard specimen thickness. The chosen test tempera-
tures for ODS01 and ODS02 were in a span of −100 °C ≤ T ≤ 125 °C
for the K Jc(1T) -T tests. 
Another part of the fracture toughness tests was executed as
J- a tests according to the standard ASTM E 1820–11 to obtain
ﬁrstly the ODS crack resistance curves, and secondly aiming in the
calculation of the respective J value (if the validity criteria areIc et) [24] . For ODS01 5 tests were conducted in L-R orientation at
 = 22 °C, 3 tests were done in R-L orientation at T = 125 °C. For
DS02 6 tests were performed at T = 300 °C. The last two higher
est temperatures were used to calculate the respective K JQ(1T) 
alue based on the measured J Q data according to [23] . 
The selection of this set of test temperatures aims in obtaining
he most complete view of the fracture toughness development in
he brittle/ductile transition (K Jc(1T) –T tests) and ductile regime (J-
a tests) with a limited amount of test specimens to understand
he tendency of fracture toughness development with relation to
anufacturing inﬂuences. 
In case of the hipped ODS02 no pre-dominant orientation ex-
sted, therefore all specimens (mini Charpy-V, fracture toughness)
ere taken out of the slabs as most appropriate. 
. Results 
.1. Microstructural investigations 
The nano-precipitates distribution was investigated on the as-
onsolidated materials using the SANS technique (see Fig. 4 ). It
as found that results were well ﬁtted using two Gausian distri-
utions considering spherical particles. For ODS01, the mean radii
re 1.6 nm and 5.3 nm whereas it is 1.4 nm and 4.4 nm in case of
DS02. The fraction of small precipitates is the same between the
wo materials and equal to 1.45%. On the other hand, ODS01 seems
o contain larger precipitates than ODS02 (0.25% against 0.07%).
ano-particles in ODS01 were observed by TEM ( Fig. 6 ). The size
aries from about 2 nm to 4 nm and ﬁt with the data obtained by
ANS. The A ratio was calculated for each point in the scattering
ector range. On Fig. 5 , it appears a mean value at around 2.4 for
oth ODS01 and ODS02 materials. 
Comparing this value with the theoretical one from the lit-
rature [16] , one should note that it is close from the A ratio
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Fig. 6. TEM micrography of nano-particles in ODS01. 
Fig. 7. IPF map showing 〈 uvw 〉 direction parallele to the extrusion axis for ODS01 
as-extruded. 
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Fig. 8. Pole ﬁgure {001}, {101} and {111} of ODS01 as-extruded. 
Fig. 9. IPF map showing 〈 uvw 〉 direction perpen-dicular to the compression axis 
for ODS02 as-HIPed. 
Fig. 10. ODS01: Rm, Rp0.2, At in dependence of test temperature. f Y 2 Ti 2 O 7 phases, equal to 2.54. Fig. 7 represents the IPF map
f ODS01 as-extruded. The microstructure is characteristic of ex-
ruded materials with grains aligned along the extrusion direction
ith a strong 〈 110 〉 texture corresponding to the ﬁber α, shown
n Fig. 8 . One can notice a broad grain size distribution with sub-
icronic grains and large elongated grains up to several tenths of
icrometers. Fig. 9 shows the IPF map of ODS02 material. A bi-
odal grain size distribution is observed with submicronic grains
nd large recrystallized equiaxed grains. A slight 〈 001 〉 texture is
bserved. 
.2. Mechanical properties 
The results of the tensile tests performed with ODS01 are
hown in Fig. 10 . Both characteristic strength values R m and R p0.2 
xhibit levels of 1314 MPa and 1176 MPa at −100 °C. With in-
reasing test temperature the strength values decrease, reach lev-
26 C.C. Eiselt et al. / Nuclear Materials and Energy 9 (2016) 22–28 
Fig. 11. Charpy-impact energies of ODS01 (L-R) and ODS02. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. a–d : ODS01 (L-R): broken Charpy impact specimens, fracture surfaces at 
various test temperatures. 
Fig. 13. a-b : ODS02: broken Charpy impact specimens, fracture surfaces at various 
test temperatures. 
Fig. 14. Comparison of fracture toughness K JC(1T) , K JQ(1T) in the transition region of 
ODS01 (R-L, L-R) and ODS02. 
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K  els of 1131 MPa and 1014 MPa at 23 °C and get down to 879 MPa/
795 MPa at 400 °C. The total elongation A t remains nearly con-
stant through the whole tested T-span, with 15.5% being the lowest
value at T = 100 °C and 19% as the maximum value at T = 200 °C.
The results of the Charpy-impact tests from ODS01 (L-R) and
ODS02 can be seen in Fig. 11 . In case of ODS01 (L-R) the three
characteristic material regions lower, shelf (LSE), transition and
upper shelf region (USE) could be clearly identiﬁed: While the
lower shelf area is ∼1 J, the tanhyp ﬁt revealed an upper shelf
energy of around 7 J and a DBTT of -87.7 °C was determined.
The material exhibits scattering effects, especially in the T-area of
−90 °C ≤ T ≤ −50 °C: here comparably low values below 1 J, three
data points in between 3 J ≤ KV ≤ 4.7 J, being clearly in the transi-
tion region, and a “data cloud” in between 6 J and 7.5 J were ob-
tained. 
Even a very high impact value of 11 J at T = −50 °C was
measured, but has to be regarded as an outlier. In between
−35 °C ≤ T ≤ 400 °C, impact energies of ∼6.2 J with a lower scatter-
ing were seen. At the higher test temperatures 600 °C ≤ T ≤ 800 °C,
the impact values rise again and lie in between 7.3 J and 8.5 J, with
the last one being the maximum value of the test series (except
the outlier). 
ODS02 impact energies are comparably much lower, which
makes it more diﬃcult to localize the lower shelf, transition and
upper shelf region. However, at a smaller scale LSE is considered
to be around ∼0.4 J, the USE is ∼0.9 J and the DBTT is assumed
to be ∼-1 °C. The USE values do not change signiﬁcantly over the
whole tested T-range. Fig. 12 a-d) contains examples of the OM
images from the ODS01 (L-R) broken Charpy specimens/ surfaces:
at T = −115 °C and T = −82 °C the crack plane shows some kind of
“zig-zag” pattern or crack tilting, indicating, that a part of the crack
plane is oriented to a certain degree in the main extrusion direc-
tion. At T = −82 °C also secondary cracks, meaning a crack propa-
gation perpendicular to the main crack plain (in extrusion direc-
tion) are observed. At T = −50 °C (outlier) a strong delamination
fracture is seen. At T = 800 °C a higher degree of deformation oc-
curred, showing a clear ductile fracture. However, not all speci-
mens exhibited crack tilting or secondary cracking. 
In case of ODS02 ( Fig. 13 a–b) none of these features like crack
tilting or secondary cracking were found. Indeed, the fracture sur-
faces are practically ﬂat over the whole T-span, showing only low
amounts of deformation. 
Fig. 14 contains a comparison of the characteristic K JC(1T) 
and K JQ(1T) values obtained from the two ODS01 orientations
(L-R, R-L) and ODS02 (see Fig. 3 ). In the T-range between
−100 °C ≤ T ≤ −50 °C K Jc(1T) lies in between 35.7 MPa m and
54.9 MPa m for ODS01 L-R. Then, after entering the sharp transi-
tion regime K Jc(1T) strongly increases up to 85.7 MPa m at T = 0 °C
and then up to a K JQ(1T) of 196.2 MPa m at T = 22 °C. This development corresponds to the Charpy-impact test re-
ults in L-R orientation. However, ODS01R-L has a signiﬁcant
ower K Jc(1T) in between −100 °C ≤ T ≤ −50 °C, which stays around
6 MPa m. In contrast to the L-R orientation no increase of K Jc(1T) 
nd K JQ(1T) is observed up to T = 125 °C, the max. value of
he test series is 41 MPa m at T = 50 °C. K Jc(1T) of ODS02 shows
t ﬁrst a little higher level then obtained in the R-L direction
f ODS01 which is 52.0 MPa m at T = −50 °C and 54.5 MPa m
t T = 0 °C. However, at temperatures between 50 °C and 300 °C
 Jc(1T) /K JQ(1T) remain almost constant at a comparably lower level
C.C. Eiselt et al. / Nuclear Materials and Energy 9 (2016) 22–28 27 
Fig. 15. Comparison of fracture toughness J Q(1T) , in the upper shelf region of ODS01 
(R-L, L-R) and ODS02. 
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n  f max 39.9 MPa m (at 100 °C). This development is in line with
he results of ODS02 Charpy tests. Due to the promising increase
f ODS01 K Jc(1T) in L-R direction it was decided to use the remain-
ng 0.2 T C(T) specimens for J-da tests, normally conducted in the
uctile upper shelf regime. However, the ASTM E 1820–11 valid-
ty criteria “admissible stable crack growth criteria” prior to test-
ng was exceeded for several specimens [24] , therefore no ﬁnal J Ic 
alue could be calculated. However, in this case ASTM E 1820–11
llows a determination of a J Q = J 0.2BL technical initiation toughness
alue as a fracture toughness measurement instead, representing
he J-value at a crack extension of 0.2 mm, calculated from several
pecimens at one speciﬁc temperature through application of the
ulti-specimen test technique. The results can be seen in Fig. 15 .
he strength difference between the two investigated L-R/R-L ori-
ntations for ODS01 and ODS02 becomes even more distinct: At
 = 22 °C, a comparably very large J Q for ODS01 L-R of 137 kJ/m 2 is
bserved together with a rather steep rise of the J-da curve. De-
pite the increased test temperature of T = 125 °C, where a higher
egree of ductility is normally expected, J Q exhibits only a compa-
ably very low value of 11 kJ/m 2 for ODS01 R-L. In case of ODS02,
t a higher test temperature of T = 300 °C, the result tends even
ore downwards with 8 kJ/m 2 . The slope of both J-da curves is
ather ﬂat. Therefore the probability for unstable brittle fracture
s a lot larger for ODS01R-L and ODS02 than for ODS01L-R at the
ested temperatures. 
. Discussion 
SANS measurements enabled the analyses of the nano-
recipitation in the two materials after consolidation. For both, a
imodal distribution of particles is observed with small precipi-
ates of 3 nm in diameter and larger precipitates of ∼ 10 nm in
iameter. The more important concentration of 10 nm precipitates
n the extruded material could be due to the fact that the hipped
lloy spent more time at high temperature (above 1100 °C) and
hus, the coarsening of phases with a size of around 10 nm was
ore pronounced and they are no more detectable. Indeed, above
20 nm, nano-phases are no more detectable at high q with the
ANS technique. According to the A ratio, the particles are assumed
o have an A ratio close to the one of Y 2 Ti 2 O 7, nano-clusters that
ere already observed in 14%Cr ODS alloys in the literature [25] .
n addition TEM analyses conﬁrmed the ODS particle existence. 
The ODS01 tensile properties principally exhibit the high
trengths typical for this alloy class and are a consequence of the
ense ODS-particle distribution, acting as a stabilization for the
hole ferritic matrix seen in Section 3.1 . This accounts also for
he total elongation staying almost constant. Nevertheless the al-
oy shows some ductility and the tensile tests can be seen as aind of validation of the selected ODS manufacturing route, involv-
ng a larger batch size/ball mill type together with subsequent hot
xtrusion. 
The Charpy-impact tests clearly underline the superior tough-
ess properties of the hot extruded OD01 L-R compared to the
urely hipped ODS02, which behaves in a very brittle manner. It
an be attributed to the material texture respectively the elongated
rain structure caused by the deformation imposed on the material
uring hot extrusion. 
According EBSD characterisations after consolidation conﬁrmed 
n important difference in the microstructure of the two materi-
ls. ODS01 presents large elongated grains in the extrusion (L-R)
irection with a ﬁber α texture commonly observed in ODS alloys
fter extrusion [26,27] . ODS02 exhibits a bimodal microstructure.
t was shown that the large grains come from recrystallization and
bnormal grain growth during consolidation due to deformation
eterogeneities induced by the milling process [28] . It can be ex-
lained by the difference in stored energy inside the powder after
he mechanical alloing step: there is a competition between the re-
rystallization of the nano-grains after the mechanical alloying to
orm large grains and the nano-oxides precipitation witch tends to
revent the grain growth [29] . The texture obtained is very differ-
nt from ODS01. Grains have more random orientations and have
 slight 〈 001 〉 ﬁbre. This can be due to the HIP process since com-
ression is known to induce a mixte ﬁbre 〈 001 〉 and 〈 111 〉 in bcc
etals [30] . 
The partially observed “zig-zag” pattern or tilting of the crack
lane on the fracture surfaces of the Charpy-specimens indicates,
hat the crack’s main propagation plane turns around into the ex-
rusion direction, which is the weaker material direction. This is
ssumed to be a tendency for the fracture mechanism of delami-
ation, which is very energy intensive, as can be seen for the out-
ier specimen. The delamination fracture does not occur evenly at
ll temperatures, which is a reason for the scattering of impact
esults. However, at increasing temperatures the ductile fracture
ode becomes dominant. The production process and according
arameters of ODS01 are very similar to J05 from Rouﬃe et al. [3] :
n terms of Charpy-impact testing J05 also exhibits a sharp transi-
ion and high USE levels, however no crack tilting into the extru-
ion direction was observed. However, a crack bifurcation and de-
amination fracture mode is regarded as responsible for the good
mpact behaviour which could be a conﬁrmation of the upper as-
umptions [3] . It is known, that the material properties of hipped
DS02 might be improved through subsequent thermomechani-
al treatments: such measures were not part of this investigation,
he focus was on material options for future cladding applications,
here hot extrusion will be the likely production process. 
The observations from the Charpy tests were conﬁrmed by the
racture toughness results with mini 0.2 TC(T) small specimens as
ell: The anisotropic microstructure or texture of ODS01 is as-
umed to be again responsible for the strong K Jc(1T) increase in L-
 orientation within the transition region, starting at T = 0 °C. On
he contrary, when the crack is orientated in extrusion direction,
t can easily propagate along the grain boundaries encountering
 low material resistance against this propagation, which leads ﬁ-
ally to the measured lower fracture toughness in R-L orientation.
ince ODS02 does not have a predominant texture caused by man-
facturing, it does not exhibit a toughness increase. In the transi-
ion regime it shows slightly larger K Jc(1T) values at T = −50 °C and
 = 0 °C than ODS01R-L coming close to ODS01L-R but already 0
C the ODS01L-R levels are not reached anymore, in fact at higher
emperatures ODS02 behaves similar to the low toughness regime
f ODS01R-L. This underlines again the need for further thermo-
echanical treatment (e.g. hot rolling) of ODS02. 
The J-da tests reveal a similar behaviour: the low tough-
ess of ODS01R-L and ODS02 as a consequence of the observed
28 C.C. Eiselt et al. / Nuclear Materials and Energy 9 (2016) 22–28 
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 microstructure is maintained up to T = 300 °C. In this study
ODS01L-R shows a high J Q (137 kJ/m 
2 ) at T = 22 °C but further
studies have to reveal how it performs at operating fast reactor
plant temperatures (T ∼550 °C and beyond): Chaouadi et al. exe-
cuted J-da tests of a 12%-ODS material at T = 650 °C, where J (with
C(T) specimens of a/W = 0.53, thickness ∼6 mm) and found J 0.2 mm 
values of 2.35 kJ/m 2 in T-L and 32.5 kJ/m 2 in L-T direction [12] . This
conﬁrms the crack resistance anisotropy of extruded ODS-alloys
found in this investigation to occur also at higher temperatures. 
Another important result is, that ODS-materials do not fully
comply with the ASTM E 1921 and 1820 fracture toughness test
standards [23,24] : several validity criteria, needed to be fulﬁlled by
the respective material in preparation and evaluation of the tests
such as height of yield strength, evenness of the crack, admissible
K during testing or admissible stable crack growth were not met,
because the speciﬁc ODS material properties like high strength but
also brittleness up to high temperatures in certain directions are
not covered. Therefore in case of ODS01R-L and ODS02 no clas-
sical Master curve analyses for a prediction of fracture toughness
with subsequent determination of the transition temperature T 0 
and J IC (in case of the upper shelf regime) could be done. A con-
tinuation of this study will show, whether at least a T 0Q can be
obtained for ODS01L-R. Such characteristic values are commonly
in use in safety assessments e.g. for ferritic RPV steels and re-
quired by plant operators and regulators. The ASTM E 1921 and
1820 standards in their current version can only serve as an ori-
entation for the performance of fracture toughness tests on ODS
and an adaption is required for a better ﬁt to the obtained ODS
properties. 
5. Conclusions 
- Two ODS-materials were produced by the powdermetallurgi-
cal production path through application of hot extrusion and
hot isostatic pressing (HIP) based on an upscaled initial pow-
der batch size obtained from a larger ball mill; the production
process was successfully up-scaled. 
- TEM and SANS conﬁrm the existence of nano-clusters (ODS-
particles), assuming that they are composed of Y 2 Ti 2 O 7 ; a bi-
modal distribution of particle sizes is seen for both ODS ver-
sions with small precipitates of 3 nm and larger precipitates of
9–10 nm; this is not yet explained. 
- EBSD investigations of ODS01 revealed grains aligned along the
extrusion direction with a strong 〈 110 〉 texture corresponding
to the ﬁber α as a result of hot extrusion; ODS02 exhibits a bi-
modal grain size distribution with submicronic grains and large
recrystallized equiaxed grains. A slight 〈 001 〉 texture but no
pre-dominant orientation is observed. 
- ODS01 exhibits high strength levels typical for ODS; further-
more an increased (fracture) toughness is observed in the L-R
orientation perpendicular to the extrusion direction; the (frac-
ture) toughness is signiﬁcantly lower in ODS01 R-L direction
and generally for the hipped ODS02 material. 
- The texture of ODS01 is assumed to be the overall cause for
the anisotropic material behaviour: the partially observed “zig-
zag” pattern or tilting of the crack plane indicates a turn around
of the crack’s main propagation plane into the extrusion direc-
tion; in combination with the energy intense delamination phe-
nomenon occurring in ODS01 L-R high Charpy energies with
scattering is obtained, already found in earlier studies for simi-
lar materials. - While the small specimen test technique was successfully em-
ployed for fracture toughness tests of both ODS materials by
using 0.2 T C(T) specimens, important validity criteria of ASTM
E 1921 and 1820 were not met by the ODS alloys; an adaption
of these standards is needed in order to fulﬁll future operator
and regulator requests. 
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